The circadian rhythm of locomotor activity in hamsters maintained in either constant darkness or constant light can be phase-shifted by a single injection of the short-acting benzodiazepine, triazolam. These results suggest that treatment with triazolam may also alter the entrainment pattern of circadian rhythms in animals that are synchronized to a light-dark (LD) cycle. To test this hypothesis, hamsters maintained on an LD 6:18 light cycle received daily injections of triazolam (or vehicle) for 10-12 days, and any subsequent effects on the phase relationship between the onset of activity and the LD cycle were determined. Daily injections of triazolam (but not vehicle) induced pronounced advances or delays in the phase relationship between the entrained activity rhythm and the LD cycle; the direction of the shift was dependent on the time of the injection. Taken together with data from previous studies, these results suggest that triazolam, and perhaps other short-acting benzodiazepines, can be used to manipulate the mammalian circadian clock under a variety of experimental conditions.
A single injection of the short-acting benzodiazepine triazolam can induce dosedependent phase shifts in the circadian rhythm of locomotor activity in hamsters maintained under conditions of constant darkness (DD) or constant light (LL) (Turek and Losee-Olson, 1986, 1987a) . Both the magnitude and direction of the shifts in the rhythm are dependent on the time at which triazolam is delivered. For example, an injection of triazolam 3-6 hr prior to the onset of locomotor activity induces an advance of the activity rhythm, whereas an injection 9-12 hr after activity onset induces a delay. Maximum phase shifts are observed following injections of triazolam ranging in dose from 0.5 to 5.0 mg per animal.
In most species, the light-dark (LD) cycle is the major environmental agent synchronizing circadian rhythms to 24-hr changes in the physical environment (Aschoff, 1981; Pittendrigh, 1981) . The rhythm of locomotor activity in the hamster bears a fixed phase relationship to the LD cycle, and as the ratio of light to dark is altered, the phase relationship may also be modified (Elliott, 1976; Ellis and Turek, 1979 ; Moline et al., 1981) . For example, during entrainment to an LD 14:10 cycle (i.e., 14 hr of light per 24 hr), the onset of activity in male hamsters occurs within 30 min of lights-off, while during entrainment to an LD 6:18 cycle, activity starts about 4-7 hr after lights-off (Elliott, 1976;  Ellis and Turek, 1979) .
The observation that a single injection of triazolam can induce a phase shift in the circadian activity rhythm of hamsters maintained under constant lighting conditions raises the possibility that treatment with triazolam may also be capable of altering the entrainment pattern of animals synchronized to an LD cycle. Since both phase advances and phase delays in the activity rhythm can be induced by varying the time of drug administration, it may be possible to advance or delay the activity rhythm under entrained conditions. To test this hypothesis, the activity rhythm of golden hamsters entrained to an LD 6:18 cycle was monitored before, during, and after triazolam was injected daily at various times over a 10to 12-day period.
MATERIALS AND METHODS

GENERAL
Adult male golden, or Syrian, hamsters (Mesocricetus auratus LAK:LVG &dquo;SYR&dquo;), purchased at 9 weeks of age from Lakeview Hamster Colony (Newfield, NJ), were used in all studies. The animals were initially housed in groups of four to five per cage in a light-controlled room where a cycle of 14 hr of light and 10 hr of darkness per day (i.e., LD 14:10) was maintained. The animals were moved 2-3 weeks later into individual cages, each containing a running wheel. Groups of six individual cages were enclosed in light-tight wooden boxes (6 x 2 x 2 ft) equipped with continuously operating ventilating fans; the animals remained under the LD 14: 10 cycle until being transferred to an LD 6:18 cycle as detailed below. Food (Teklad hamster chow, Winfield, IA) and water were available ad lib. throughout the experiments. The rhythm of locomotor activity was monitored by recording the revolutions of each animal's running wheel. Rotations of the running wheel activated a microswitch that led to an Esterline-Angus (Indianapolis, IN) event recorder. For each animal, the daily chart record of activity was mounted beneath the record of the preceding day, thus creating a continuous picture of the animal's activity throughout the experiment.
Triazolam (Ha1cion@, Upjohn Company, Kalamazoo, MI), at a concentration of 12.5 or 25 mg/ml, was dissolved in the vehicle, dimethyl sulfoxide (DMSO), by running warm water over the reaction vessel for a few minutes while gently shaking the mixture. Animals weighing between 110 and 160 g were injected intraperitoneally with 0.1 ml of either triazolam (1.25 or 2.5 mg) or vehicle at the times indicated below. Injections during the dark period were made with the aid of an infrared viewer.
EXPERIMENTAL PROTOCOLS
In the first study, hamsters were maintained undisturbed on the LD 6:18 cycle for at least 33 days. They were then injected with either triazolam (1.25 mg) or vehicle 5-6 hr before the expected onset of locomotor activity. The injections continued for 11 or 12 days, with the injection occurring each day at the same local time as the first injection. After the injections were discontinued, the animals remained on the LD 6:18 cycle, and locomotor activity was recorded for an additional 38 to 72 days before termination of the experiment. Sixteen animals were injected daily with triazolam, and six animals were injected daily with vehicle.
In the second study, 24 hamsters were injected daily with triazolam (2.5 mg) for 10 days, beginning 8 days after transfer to the LD 6:18 cycle. The injections were timed to occur 3-4 hr (n = 12) before the onset of activity or 11 hr (n = 12) after the onset of activity on the first day of the injection. After the injections were discontinued, the animals remained on the LD 6:18 cycle for 10-11 days before being transferred to DD for the remainder of the experiment. Additional animals maintained on LD 6:18 were injected with vehicle for 10 days either 3-4 hr (n = 6) before or 11 hr (n = 6) after the onset of activity.
DATA ANALYSES
The effects of triazolam on the entrained rhythm of locomotor activity during exposure to LD 6:18 were assessed by visual inspection of the activity record for each animal. Using the daily onsets of activity for the 5 days preceding the first injection of triazolam (or vehicle) as reference points, we determined a time of activity onset relative to lights-off for the day prior to drug treatment. The daily onsets of activity for the 5 days after discontinuation of the injections were extrapolated backward to establish the onset of activity for the cycle the day after the last injection. The magnitude of the change in the activity rhythm that was due to the daily injections was determined by comparing the phase relationship between the onset of activity and the light cycle on the days before and after treatment with triazolam. To determine whether injection of triazolam at a particular time induced a significant change in the phase relationship between the onset of activity and the light cycle, a Student's t test was used to compare the magnitudes of the changes in activity onset between the animals injected with triazolam or vehicle at the same time.
For animals in the second study, the period of the activity rhythm for the first 10 days following transfer from LD 6:18 to DD was calculated by eye-fitting a straight line through the activity onsets.
RESULTS
Prior to the daily injections, all hamsters in the first study showed stable entrainment to the LD 6:18 cycle such that the onset of locomotor activity occurred 5-7 hr (mean ± SEM = 367 ± 10 min) after lights-off ( Fig. 1 ). Daily injections of vehicle 5-6 hr prior to the onset of activity for 11-12 days had no consistent effect in altering the phase relationship between the onset of activity and the light cycle (Fig. lA) . The mean onset of activity following the termination of the triazolam injections 5-6 hr prior to the onset of activity occurred significantly earlier (p < 0.05) than in the animals injected with vehicle at the same time (Fig. 2) . However, the response to triazolam injections at this time was not uniform; while the onset of activity was FIGURE 1. Representative sections from the activity records of nine hamsters that were maintained throughout the period shown on the LD 6:18 cycle diagrammed at the top of each row of records. Each line represents a single 24-hr interval, and successive days are plotted from top to bottom in each record. Over a 10to 12-day period near the middle of each record, the animals were injected with either vehicle (V) or triazolam (T) at the same real time each day. The precise time of the injection is designated by the vertical black line on each record. The injections were timed to occur 5-6 hr before (A-C), 3-4 hr before (D-F), or 11 hr after (G-I) the onset of activity on the day preceding the first injection. advanced by at least 4 hr in 6 of the 16 triazolam-injected animals (Figs. 1B, 1C, and 3), activity onset was altered by less than 30 min in 5 similarly treated animals. The shift in the activity rhythm was intermediate in the remaining 5 animals injected with triazolam 5-6 hr before the onset of activity. The original phase relationship between the activity rhythm and the LD cycle was not re-established by the end of the study in any of the 6 animals in which the activity rhythm had been advanced by at least 4 hr subsequent to the triazolam injections (Fig. 3 ). The mean onset of activity at the FIGURE 2. Mean (+ SEN1) shift (in minutes) in the onset of the rhythm of locomotor activity in hamsters entrained to an LD 6:18 cycle and injected daily with either vehicle (open bars) or triazolam (black bars). The magnitude of the change in the activity rhythm that was due to the daily injections was determined by comparing the phase relationship between the onset of activity and the light cycle on the days before and after treatment with triazolam (see text). Values above the zero line indicate that the onset of locomotor activity was advanced, whereas values below the zero line indicate that the onset of activity was delayed by the injections. The injections were timed to occur 5-6 hr before ( + ), 3-4 hr before ( + ), or 11 hr after ( -) the onset of activity on the day preceding the first injection. Animals injected with triazolam 5-6 hr before activity onset received daily doses of 1.25 mg of triazolam; the animals in the other two groups were injected with 2.5 mg daily. FIGURE 3. The activity records of two hamsters that were maintained continuously on the LD 6:18 cycle diagrammed at the top of each record. Over the designated 12-day periods, the animals were injected with triazolam (T) at the same local clock time each day. The precise time of the injection is designated by the vertical black line. The injections were timed to occur 5-6 hr before the onset of activity on the day preceding the first injection. See Figure 1 for further details.
end of the study for these 6 animals was still occurring 181 min ( ± 28 min) earlier than was observed prior to the injections of triazolam, despite the fact that these animals were maintained on LD 6:18 for 38-72 days after the termination of the triazolam treatment. In contrast, the mean onset of activity at the end of the study for those animals in which the activity rhythm had been advanced by less than an hour subsequent to the triazolam injections was only 14 min ( ± 13 min) earlier than was observed prior to the injections of triazolam.
Prior to the daily injections, all the hamsters in the second study showed stable entrainment to the LD 6:18 cycle such that locomotor activity again started 5-7 hr (mean ± SEM = 377 ± 6 min) after lights-off (Fig. 1) . Regardless of the time of injections, 10 daily injections of vehicle had no consistent effect in altering the phase relationship between the onset of activity and the LD cycle (Figs. ID and 1G). In contrast, the onset of activity occurred consistently earlier or later, respectively, in FIGURE 4. The activity records of two hamsters that were initially maintained on the LD 6:18 cycle diagrammed at the top of each record. The animals were transferred to DD on the day indicated. Over the designated 10-day periods, the animals were injected with triazolam (T) at the same local clock time each day. The precise time of the injection is designated by the vertical black line. The injections were timed to occur 3-4 hr before the onset of activity on the day preceding the first injection. See Figure   1 for further details. animals injected daily with triazolam 3-4 hr before (Figs. IE and IF) or 11 hr after (Figs. 1H and 11) activity onset. Indeed, 10 out of the 12 animals in each group showed at least a 30-min advance or delay in the activity rhythm in response to triazolam injections 3-4 hr before or 11 hr after the onset of activity, respectively. The mean changes in the phase relationship between the onset of activity and lights-off for the animals injected with triazolam in both groups were significantly greater (p < 0.05) than in the animals injected with vehicle at the same time relative to activity onset (Fig. 2) .
The original phase relationship between the activity rhythm and the LD 6:18 cycle was not re-established before the transfer to DD in 11 of the 12 animals injected with triazolam 3-4 hr prior to the onset of activity (Figs. 1E, IF, and 4). Compared to the onset of activity prior to the triazolam injections, the mean onset of activity for these animals was occurring 125 min ( ± 27 min) earlier on the last day of LD 6:18 (i.e., 10-11 days after the last injection of triazolam). In contrast, in all 12 animals injected with triazolam 11 hr after activity onset, discontinuation of triazolam treatment resulted in a series of advancing transients such that by the time the animals were transferred to DD, the onset of activity was occurring at about the same time as it was prior to the triazolam injections ( Figs. 1H and 11) .
Following the transfer to DD, the activity rhythm persisted in all of the animals in the second study, and the onset of locomotor activity for the first day of DD was always in phase with activity onset on the final day of the LD 6:18 cycle (Fig. 4) . The mean period of the activity rhythm following the transfer from LD 6:18 to DD in animals injected with triazolam 3-4 hr before activity onset was 24.00 ± 0.02 hr, and for animals injected with triazolam 11 hr after activity onset the period was 24.05 ± 0.01 hr.
DISCUSSION
The results demonstrate that daily injections of triazolam can alter the phase relationship between the entrained circadian rhythm of activity and the LD cycle in the hamster. Both advances and delays in the rhythm could be induced, with the direction of the shift being dependent on the time when triazolam was administered. The times chosen for administering triazolam were based on the phase-shifting effects of a single injection of triazolam on the free-running activity rhythm under conditions of either LL or DD (Turek and Losee-Olson, 1986 ). Injection of triazolam 3-6 hr before the onset of activity in free-running animals induces an advance in the onset of activity. Similarly, repeated daily injections of triazolam at this same time relative to activity onset in animals entrained to an LD 6:18 cycle also induce an advance in the activity rhythm of most animals. Conversely, injection of triazolam 9-12 hr after the onset of activity in free-running animals induces a delay in the activity rhythm. Repeated daily injections of triazolam at this same time relative to activity onset in animals entrained to an LD 6:18 cycle also induce a delay in the activity rhythm in most animals. Thus, on a first approximation, the effects of triazolam on the rhythm of locomotor activity are similar under both entrained and free-running conditions. It should be noted that although hamsters were injected with triazolam for 10-12 days in the present studies, it is not known for how many days the drug was actually affecting the circadian system, since hamsters can become tolerant to the phase-shifting effects of triazolam on the circadian rhythm of locomotor activity (Turek et al., 1987) .
In our attempts to phase-shift the activity rhythm under entrained conditions, the first injection of triazolam occurred at a time when it was effective in inducing a phase shift under constant lighting conditions. In both studies, the onset of activity was used as the phase reference point of the underlying circadian pacemaker regulating the activity rhythm in determining the time at which triazolam was administered. However, it is unlikely that activity onset (or any other phase reference point) reflects the exact same state of the circadian pacemaker underlying the activity rhythm during entrained as well as free-running conditions. The inability to compare circadian phases under entrained and free-running conditions may have contributed to some of the variability in the effects of triazolam injected 5-6 hr before the onset of activity. Although injections of triazolam advanced the activity rhythm by at least 4 hr in six of the animals, five other animals showed little or no response to the triazolam. The lack of a more consistent response to triazolam injections 5-6 hr before activity onset may have been due to the fact that this represents a time close to the &dquo;breakpoint&dquo; in the phase response curve to triazolam. That is, in animals free-running in LL, a single injection of triazolam 9 hr before activity onset induces a phase delay in the rhythm of activity, whereas injection 6 hr before activity onset induces an advance.
In examining the ability of triazolam to alter the phase relationship between the activity rhythm and the light cycle, we utilized the short-day regimen of LD 6:18 in the present investigations. Under such a light cycle, male hamsters begin their activity about 4-7 hr after lights-off, whereas during exposure to longer daylengths (e.g., LD 14 : 10), activity begins near the time of lights-off (Elliott, 1976; Ellis and Turek, 1979) . In the present studies, a short rather than a long day was selected to examine the effects of triazolam on the entrained rhythm of activity, for two reasons. First, we were concerned that possible triazolam-induced advances in the activity rhythm might not be observable in hamsters entrained to a long day, because the animals would have to start activity during the light period, and such activity might be suppressed by the &dquo;masking&dquo; effects of light in this nocturnal species.
Second, we sought to avoid the possibility that triazolam-induced shifts in the activity rhythm might be immediately reversed by light-induced shifts in animals maintained on long days. Previous studies have shown that light coincident with the early part of the activity period (e.g., 0-2 hr after the onset of activity) induces delays in the circadian activity rhythm, whereas light 6-8 hr after the onset of activity induces advances (Daan and Pittendrigh, 1976; Ellis et al., 1982; Takahashi et al., 1984) . Thus, if animals were maintained on an LD 14:10 cycle, and if triazolam were to induce a rapid advance in the clock driving the activity rhythm, more light would be coincident with the early stages of activity. This could result in a phase-delaying effect of light such that no clear triazolam-induced advance in the rhythm would be detected. Conversely, if triazolam induced a delay in the activity rhythm during exposure to LD 14:10, more light would be coincident with the later stages of activity. This could result in an advancing effect of light on the rhythm such that no clear triazolaminduced delay in the rhythm would be detected. Indeed, in preliminary experiments, daily injections of triazolam to hamsters entrained to an LD 14:10 cycle did not induce consistent changes in the phase relationship between the activity rhythm and the light cycle (Turek and Losee-Olson, unpublished results).
Following discontinuation of the triazolam injections that induced a delay in the activity rhythm, the onset of activity slowly advanced, so that by the time the animals were transferred into DD (i.e., 10-11 days later), the original phase relationship between the activity rhythm and the LD cycle had been re-established in most of the animals (Figs. 1H, 11 ). The advancing transients were expected, since the triazolam injections had shifted the activity rhythm in such a fashion that more light was now coincident with the late subjective night-a time when light is known to induce advances in the activity rhythm. While the normal phase relationship between the light cycle and the activity rhythm had been re-established within 10 days in those animals in which triazolam induced a delay in the activity rhythm, it was not reestablished during this period in animals in which an advance of the activity rhythm had been induced by injections of triazolam 3-4 hr prior to the onset of activity (Figs.  IE, 1F, 4) . Similarly, the original entrainment pattern was not re-established after 38-72 days in any of the six animals showing at least a 4-hr advance in the onset of activity subsequent to the injections of triazolam 6 hr prior to activity onset (Fig. 3) .
It should be noted that this is a very unusual entrainment pattern, since the onset of activity in male hamsters maintained on an LD 6:18 cycle usually occurs 4-7 hr after lights-off (see onset of activity prior to daily injections for all 13 animals depicted in Figs. 1, 3, and 4) . It is unlikely that the failure to re-establish the original entrainment pattern following the termination of the triazolam injections in these animals was due to the continued action of the drug, since triazolam is cleared from the circulation in hamsters in about 25 min (Van Reeth and Turek, 1987a) .
There are a number of possible reasons why phase advances in the activity rhythm that were induced by triazolam were maintained even after the discontinuation of the triazolam injections. Triazolam may have induced a permanent alteration in the way a master pacemaker was coupled to the activity rhythm or in the way the master clock itself was synchronized by the LD cycle. The latter case would be expected if triazolam had induced a shortening in the period of the clock underlying the rhythm of activity and/or a change in the shape of the phase response curve to light (Aschoff, 1981; Pittendrigh, 1981) . Interestingly, when triazolam is injected daily for long periods of time in free-running hamsters, there is a dramatic shortening of the period that persists even after the termination of drug treatment (Turek et al., 1987 ). An alternative explanation for why triazolam-induced phase advances in the activity rhythm were maintained even after discontinuation of the injections is that triazolam treatment may have induced a phase relationship between the activity rhythm and the light cycle such that upon termination of treatment, light was now only coincident with the subjective day-a time when light is known to have no phaseshifting effects on the activity rhythm (see above). Thus, following termination of the triazolam injections, the rhythm in a sense may no longer have been &dquo;entrained&dquo; to the LD cycle. If the animals were free-running during exposure to the LD 6:18 cycle, it might at first appear surprising that a clear non-24-hr rhythm was never present in some animals (Fig. 3A) and was only apparent in other animals many days after the termination of the triazolam injections (Fig. 3B ). However, if the triazolam injections did induce a shortening in the endogenous period of the activity rhythm, the close proximity of this rhythm to 24 hr may have resulted in the maintenance of a stable phase relationship between the activity rhythm and the LD cycle, despite the fact that the LD cycle was having little influence on the rhythm for a number of days following the termination of the triazolam injections.
The effects of triazolam on the activity rhythm are thought to be due to an action of the drug either on neurons that are on an input pathway to the circadian clock regulating this rhythm (and presumably other circadian rhythms), or on neurons that are part of the oscillator itself. Because benzodiazepines potentiate the action of the neurotransmitter y-aminobutyric acid (GABA) via an interaction with the benzodiazepine-GABA receptor complex (Haefely et al., 1985; Mohler et al., 1986) , the effects of triazolam on the circadian system may be due to an action on the benzodiazepine-GABA receptor complex. This hypothesis is supported by the finding that the benzodiazepine receptor antagonist, Ro 15-1788, can totally block the phaseshifting effects of triazolam on the circadian rhythm of activity in the hamster (Van Reeth and Turek, unpublished results). Recent anatomical studies indicate that GABAergic neurons are quite prevalent within the suprachiasmatic nucleus (SCN) (Card and Moore, 1984; van den Pol and Tsujimoto, 1985 ; van den Pol, 1986), a region of the anterior hypothalamus containing a circadian clock that appears to regulate many circadian rhythms in rodents (Moore, 1979; Takahashi and Zatz, 1982; Turek, 1985) . Thus, the effects of triazolam upon the rhythm of locomotor activity may be due to an action on benzodiazepine-GABA receptors located within the SCN region. Menaker (1985, 1986) have also obtained experimental evidence indicating an involvement of GABA-ergic neurons in the circadian organization of mammals. They demonstrated that the systemic administration of bicuculline, a selective antag-onist of GABA, can block the phase-delaying but not the phase-advancing effects of light pulses on the circadian rhythm of locomotor activity of hamsters, whereas the benzodiazepine diazepam does not block light-induced phase delays at doses that significantly block phase advances. Furthermore, preliminary findings indicate that diazepam alone can induce phase shifts in the free-running rhythm of activity in hamsters maintained in LL (Houpt et al., 1986) . These phase shifts appear to be qualitatively similar to those induced by injections of triazolam (Turek and Losee-Olson, 1986) .
Other substances that have been reported to alter the phase relationship between circadian rhythms and the LD cycle include lithium, clorgyline, and imipramine McEachron et al., 1982; O'Donohue et al., 1982; . Tamarkin et al. (1983) have obtained particularly good evidence that the continuous administration via osmotic minipumps of clorgyline, an irreversible inhibitor of monoamine oxidase Type A, can induce unstable delays in activity onset of hamsters maintained on an LD 14:10 cycle. Alterations in the activity rhythm following treatment with either clorgyline or triazolam persist even after the animals are transferred to DD, indicating that these drugs are acting directly or indirectly on the central oscillating mechanism driving the rhythm of activity. Drugs that can alter the phase relationship between circadian rhythms and the environmental LD cycle may be useful in the treatment of various physical and mental disorders in humans that have been associated with circadian rhythms not in proper synchrony with the physical environment (Van Cauter and .
The peripheral administration of triazolam has now been demonstrated to alter the circadian rhythm of activity in hamsters under three different experimental conditions. First, in the absence of a synchronizing LD cycle (i.e., during exposure to LL or DD), a single injection of triazolam can induce a permanent phase shift in the free-running rhythm (Turek and Losee-Olson, 1986, 1987a) . Second, following a shift in the LD cycle, a single injection of triazolam can reduce the time it takes for the activity rhythm to be resynchronized to the new lighting schedule (Van Reeth and Turek, 1987b) . Finally, as shown in the present studies, repeated daily injections of triazolam can alter the entrained phase relationship of the rhythm to a fixed LD cycle. In addition, we have recently demonstrated that injections of triazolam to female hamsters maintained in LL can induce pronounced phase shifts in the circadian rhythm of pituitary luteinizing hormone release (Turek and Losee-Olson, 1987b ). Thus, treatment with triazolam can alter endocrine as well as behavioral circadian rhythms. Taken together, these results indicate that triazolam, and perhaps other short-acting benzodiazepines, may represent a powerful tool for investigating the neurochemical events involved in the generation of circadian rhythms and for manipulating the mammalian circadian clock. somatostatin, and vasopressin: Ultrastructural immunocytochemical localization in presynaptic axons in the suprachiasmatic nucleus. Neuroscience 17 : 643-659. VAN DEN POL, A. N., and K. L. TSUJlMOTO (1985) Neurotransmitters of the hypothalamic suprachiasmatic nucleus: Immunocytochemical analysis of 25 neuronal antigens. 
